The interaction of ultrashort laser pulses with opaque droplets in the atmosphere is examined numerically. Intense filaments resulting from the balance between self-focusing and ionization of air molecules are shown to be robust against obscurants sized up to 2=3 of the filament diameter. 3D 1-dimensional numerical simulations confirm recent experimental data [F. Courvoisier et al., Appl. Phys. Lett. 83, 213 (2003)]. The filament is rapidly rebuilt with minimal loss of energy over a few cm after the interaction region. The replenishment of the pulse mainly proceeds from the nonlinear attractor responsible for the formation of a spatial soliton modeling the filament core. DOI: 10.1103/PhysRevLett.93.023901 PACS numbers: 42.65.Tg, 42.65.Jx, 42.68.Ay Femtosecond laser pulses are known to form intense channels of light in the atmosphere [1] . These channels result from the interplay between the Kerr self-focusing of the beam and defocusing induced by multiphoton ionization of air molecules. For input powers widely above the critical value for self-focusing, P cr , the beam breaks up into several spots producing long waveguides in the medium [2 -4]. One elementary channel of light stabilized by ionization then consists of a femtosecond filament, whose characteristics seem to be universal, i.e., its energy, waist, and intensity are about 1 mJ, 100 m, and 10 13 -10 14 W=cm 2 , respectively, and the electron density in the plasma channel reaches 10 16 cm ÿ3 . The temporal profile of this filament evolves along propagation, by first forming a leading peak created by plasma defocusing and next by refocusing its trail component at further distances [5] .
The interaction of ultrashort laser pulses with opaque droplets in the atmosphere is examined numerically. Intense filaments resulting from the balance between self-focusing and ionization of air molecules are shown to be robust against obscurants sized up to 2=3 of the filament diameter. 3D 1-dimensional numerical simulations confirm recent experimental data [F. Courvoisier et al., Appl. Phys. Lett. 83, 213 (2003) ]. The filament is rapidly rebuilt with minimal loss of energy over a few cm after the interaction region. The replenishment of the pulse mainly proceeds from the nonlinear attractor responsible for the formation of a spatial soliton modeling the filament core. Femtosecond laser pulses are known to form intense channels of light in the atmosphere [1] . These channels result from the interplay between the Kerr self-focusing of the beam and defocusing induced by multiphoton ionization of air molecules. For input powers widely above the critical value for self-focusing, P cr , the beam breaks up into several spots producing long waveguides in the medium [2 -4] . One elementary channel of light stabilized by ionization then consists of a femtosecond filament, whose characteristics seem to be universal, i.e., its energy, waist, and intensity are about 1 mJ, 100 m, and 10 13 -10 14 W=cm 2 , respectively, and the electron density in the plasma channel reaches 10 16 cm ÿ3 . The temporal profile of this filament evolves along propagation, by first forming a leading peak created by plasma defocusing and next by refocusing its trail component at further distances [5] .
Because of their remarkable robustness, femtosecond filaments constitute reliable ''tracks'' for transmitting laser beams through fog and clouds, which is a key issue for Lidar detection of atmospheric pollutants [6, 7] . Although most of the studies devoted to femtosecond pulse propagation focused on laser interaction with pure air, no theoretical investigation, however, was carried so far on polluted media, as, e.g., turbid media or aerosols, making the hitting of the beam with obscurants unavoidable. From the experimental point of view, only one paper was recently published in this scope [8] . Here, the authors demonstrated that filaments with a mean diameter of 150 m (2.7 mJ in energy) survived after hitting water or ink droplets as large as 95 m, through which the loss of energy was limited to only 10%-15%. Triggered with 7 mJ, 120 fs pulses at infrared wavelength, a ''photon bath'' of about 2 mm in diameter surrounded the central part of the beam and was suggested to act as an energy reservoir replenishing the filament.
The goal of this Letter is to clear up the inner mechanisms that rebuild femtosecond filaments after their collision with obscurants similar to those used in Ref. [8] . By means of 3D 1-dimensional numerical simulations, we confirm this spectacular phenomenon and show that it takes place over a few cm after the interaction zone, for droplet sizes up to 2=3 of the filament diameter. Because in reality obstacles do not exactly interact at the filament centroid, emphasis is also given to decentered obscurants. To understand better the rebuilding process, we compare fluence patterns of noisy Gaussian beams with results from a 2D model that simulates the propagation of pure solitons resulting from the balance between Kerr selffocusing and plasma defocusing in the presence of an obscurant. The excellent agreement between 2D and 3D computations pleads in favor of a negligible influence of the photon bath in the refilling of the light channel. Instead, the filament self-replenishes by making lowintensity components, still keeping a power above critical, refocus at the center where the nonlinear attractor generating the soliton is located. This conclusion definitively follows from a discrimination made between the energy lost by the total beam and that lost inside a small zone surrounding the central core of the filament.
To start with, we perform several numerical simulations accounting or not for the interaction of a fs pulse with a droplet. The input pulse is Gaussian, both in space and time, and perturbed by a 1% amplitude random noise. Its initial waist w 0 , half-width duration t p , and energy E in are 0.5 mm, 100 fs (FWHM duration 120 fs), and 4.2 mJ, respectively. So, the input beam power is equal to 10P cr with P cr 2 0 =2n 2 ' 3:3 GW at 0 800 nm (n 2 3:2 10 ÿ19 cm 2 =W for air). The droplet is modeled by a circular amplitude mask,
, where r d and r 0 are the droplet radius and relative coordinate in the transverse plane. Opacity is maximum (zero transmission) at the center (x 0 ; y 0 ) of the obstacle, whose microscopic thickness 100 m keeps the wave field unchanged over comparable distances along z. We assume that photons scattered at large angles (e.g., backscattered) by the droplet are of negligible influence in the replenishment process. The pulse dynamics is then governed by the propagation equations [5, 9, 10 ]
which couple an extended nonlinear Schrö dinger equation for the electric field envelope E, to a Drude model for the local plasma density . These equations apply to fs pulses moving in their group-velocity frame (t ! t ÿ z= v g ). Preliminary computations using the above parameters showed that the filament fully forms in the freepropagation regime with a diameter (FWHM of the fluence distribution) of 160 m at z 0:39 m. It carries 38% of the input energy (this agrees with observations reported in [8] ), while the remaining amount of energy is evacuated outwards from the filament core. The round droplet (M) is then introduced on the filament path at z 0:4 m. Figure 1 shows snapshots of the fluence F R jEj 2 dt for different droplet sizes (50 m diameter 95 m) placed at various locations in the x; y plane. From top to bottom, row I illustrates the interaction of the beam with a centered droplet (x 0 y 0 0) of 50 m diameter. The filament core hits the droplet, refocuses at the center, and completely reforms within 2 cm only. In row II, the filament robustness is tested with a larger droplet having a 95 m diameter and shifted in space by 25 m (x 0 25 m, y 0 0). No significant difference with the previous case appears, apart from an asymmetric refilling of the hole formed by the droplet. Row III details the corresponding intensity distributions in the x; t plane (y 0). The ''scar'' introduced out of center by the droplet mainly affects the most intense time slices of the pulse. However, power is rapidly reinjected by the untouched parts of these slices to the ''empty'' regions of the filament. After an intermediate motion back and forth, the symmetry around the axis x 0 is restored at z 0:42 m; i.e., the filament has been refilled. This refilling concerns temporal peaks located near x 0, inside a contour 200 m in diameter only. A symmetric refilling was also observed at the same distance for a centered 95 m diameter droplet. Row IV specifies the temporal profiles at z ' 0:42 m for various configurations. At this distance, the spatiotemporal structure of the filament is recovered, which signals its complete replenishment.
To get a deeper insight into the key process involved in the pulse reshaping, we describe the same interactions through an approximate 2D model, achieved by a straightforward averaging in time of Eqs. (1) and (2) where avalanche ionization, related absorption, and GVD are discarded. We split the pulse into transverse and temporal components, E x; y; z expfÿt ÿ t c z 2 = T 2 g, where the Gaussian distribution models the most intense time slice, located at an arbitrary temporal coordinate t c z and having a typical ''thickness'' T taken as 1=10 times that of the input duration. This assumption agrees with the temporal profiles shown below and was successfully applied in [4] to the multiple filamentation of terawatt laser beams in air. We then derive the 2D 1-dimensional equation for :
with 0:4k 0 n 2 , k 0 K nt =8K p T=2 c , and K =2 K p . In the absence of MPA ( 0), Eq. (3) admits stable soliton solutions, x; ye iz with power P s R 2 dr r, resulting from the balance between the Kerr (cubic) nonlinearity and the nonlinear saturation related to the MPI defocusing source. Once MPA is introduced ( Þ 0), the soliton power decreases very fast during the early stages of ionization, but it slowly relaxes to P cr at the same maximal distance (z MPA 0:5 m), whatever the initial soliton power may be [4] . In light of these features, we model the filament at z 0:39 m by a soliton profile with an effective power P s ' 7 P cr , which is close to the power engaged in the focused time slice at the filament front (see Fig. 1 ) and let it propagate in the presence of centered 50 m and decentered 95 m large droplets. Figure 2 illustrates the resulting interactions: The pulse reshaping follows the same transversal dynamics as in Fig. 1 , and the replenishment process takes place over analogous longitudinal intervals. The initial soliton hits the obscurant, which removes part of its power. The remaining ring has a power above critical and simply self-reshapes into another soliton with lower power at the center. Spatial solitons preserve their initial centroid, so that the nonlinear attractor gathers the ring structure at x y 0 into a new solitary wave. Since this modeling reproduces the collision dynamics, we may evaluate the maximum radius of the droplet, r d max , above which the rebuilding of the filament ceases. By assuming Gaussian solitons with power P fil and waist w fil , the power integral remaining below critical in the radial domain r d r < 1 provides the estimate r d max w fil 1 2 lnP fil =P cr 1=2 . We verified numerically with P fil 7P cr that a replenishment generating stable solitons ceased for droplet sizes larger than 150-180 m, which agrees with this estimate.
It is important to observe that, by using pure solitons, there is neither a photon bath nor a radiative component propagating with the filament in a collimated way and thus interacting with it. So, this result indicates that a photon bath is not needed to rebuild the beam.
To confirm this property, we plotted the variations of energy along z for several configurations, both in the entire simulation box [ Fig. 3(a) ] and inside a circular contour of 300 m enclosing the filament core [ Fig. 3(b) ]. In Fig. 3(a) , an energy drop of E=E in < 7% occurs after the impact for the 95 m large spatially shifted droplet. This small energy loss also characterizes the interaction with a centered 95 m large droplet, even though the major part of the filament is blocked by the obscurant. Figure 3 (a) supports the comparison with experimental decreases of energy (see Fig. 2 of Ref. [8] ), measured upon 1 m after the impact point. One can identify a first slow energy loss over 20 cm. This stage is then followed by a sharper decrease and ends by the final dissipation of the filament. Figure 3 (b) details inner energy losses. Just after the interaction point, the energy in the filament continues to be evacuated outwards from the core region over more than 10 cm of propagation. If the surrounding photon bath was involved in the refilling process, we should instead observe a flux of energy inwards to the core region. The hump caused by a sudden energy growth at z 0:65 m differs from the pulse refilling and can be explained as follows. In a free-propagation regime, when the back of the pulse takes over its front part, some intense pulse components are shifted outside the axis x y 0 [5, 9] . Energy is later reinjected into the filament core when these time slices refocus at the center (see the bottom row of Fig. 3 ). These ''convected'' components belong to the filament itself (see also [12] ). With an obscurant, the same phenomenon affects the pulse in identical proportions, far after the impact point.
Finally, we find it instructive to comment on the plasma channels excited by ionization of air molecules. These are illustrated in Fig. 4 for an electron density level of 5 10 15 cm ÿ3 , in regimes of free propagation [ Fig. 4(a) ] and for the interaction with the 95 m large, decentered droplet [ Fig. 4(b) ]. When the pulse propagates freely, a first channel emerges over z ' 0:5 m from the primary defocusing of the back of the pulse, which produces a short leading peak. At z 0:6-0:7 m, plasma generation partly turns off and a trailing peak increases, to the detriment of the front pulse. This prolongs the plasma channel after a transient stage where azimuthal instabilities develop [9] and induce ''snakelike'' motions along the optical path. In Fig. 4(b) , the plasma channel is cut at the interaction point z ' 0:4 m, but it rapidly restarts from the short-scale refilling of the pulse. Up to residual modulations, it follows the same dynamics as in Fig. 4(a) and covers an almost identical range.
In conclusion, we have numerically analyzed the interaction between femtosecond filaments with obscurants exhibiting different sizes and locations in the diffraction plane. For opacities up to 2=3 of the filament diameter, the energy loss caused by the interaction was limited to 10% of the input energy, whereas the phase of filament replenishment is accomplished over a few cm along the propagation axis. This replenishment process is mainly driven by the dynamics of spatial solitons in saturable, dissipative media and takes place upon short longitudinal scales. The ''self-healing'' of the filament follows from the relaxation of a high-power focused state to a lower-power one undergoing Kerr recompression. The surrounding energy reservoir formed outside the filament core was proven to play a minor role in this mechanism.
